Abstract
Introduction
Logic networks usually have many outputs. In most cases, independent representation of each output is inefficient. So, efficient methods to represent multiple-output functions are important. An n-input m-output combinational logic network is represented by a multiple-output function PI = (fo, fl, . . . , f m -1 ) : B" +-B", where B = (0, I}.
The first method to represent multiple-output functions is truth tables. Table 1 is a truth table for a 2-input 3-output function. For an n-input function, the table requires 2" rows, and is too large for large n. shown in Table 1 The CF uses only binary variables, but the size of the representations tends to be very large, since it involves ( n + m) binary variables. CFs are used in logic simulation [I] , and multi-level logic optimization [6] .
The third method is a characteristic function for non-zero outputs (CFN). It is a mapping F3 : B" x M + B , where 
A sum-of-products expression (SOP) for a CFN is realized by a programmable logic array (PLA) or an AND-OR twolevel network. SOPs for CFNs are extensively used in logic synthesis [ 111. They can be simplified by using multiplevalued logic minimizers such as MINI [7] and ESPRESSO-MV [9] . The CFN represents only non-zero input-output combinations, and SOPs for CFNs tend to be more compact than SOPs for CFs.
In this paper, we will consider the fourth method to represent multiple-output function: Encoded characteristic function for non-zero outputs (ECFN). It uses only binary variables and represents a mapping F4 : B" x B" +-B , where Table 1 is -# -. r G -y z T 0 0 0 0 0
ECFN and Encoding Problem
In this section, we will define encoded characteristic Table 2 produces the ECFN
Consider the case where fo = 0, f l = 20, f 2 = 21 V 20, and f3 = X I . Then, we have
However, Encoding 2 in Table 2 produces the ECFN
In this case, we have 
Note that Encoding I requires three products, while Encoding 2 requires only two products. (End of Example)

Note that Encoding I requires 9 products, while Encoding 2 requires only three products. (End of Example)
As shown in the previous examples, good encodings produce simpler SOPS.
For an m-output function, we need U = [log, ml auxiliary variables (20, Z I , . . . , z u -l } to represent m outputs. So, the number of different encodings is However, the number of products in the SOP is invariant under the complement and/or permutation of the auxiliary variables. Thus, to find the encoding for an ECFN that requires the least number of products in an SOP, we have only to consider 141 . However, to our knowledge, Problem 2.1 is formulated for the first time, and no good algorithm is known.
Encoding Algorithm for ECFN
In this section, we will consider a heuristic algorithm to encode an m-valued variables by using U = [log, ml binary Fig. I(a) and (b Table 2 ( Fig. 3(a) ) does not satisb the conditions, while Encoding 2 ( Fig. 3(b) ( j , 1 ) The initial assignment is given in Fig. 3(a) .
Encodings I and 2 produce maps in
M e r i t ( j , k ) , where the sum is obtainedfor the adjacent nodes
) Gain= M e r i t ( 0 , l )
3 ) Choose the pair (f2, f3), and interchange the functions. Then, we have the assignment in Fig. 3(b) .
) In this case, Gain = M e r i t ( 0 , l ) + Merit(O,3) + M e r i t ( l , 2 ) + M e r i t ( 2 , 3 )
Since, Gain has increased, we keep this exchange. Fig. 3(a) , and interchange the functions. Then, we have the assignment in Fig. 3(c) . Fig. 3(a) .
5) Choose the pair
(fl , f3) in
It is clear that Figs. 3(b) gives the best encoding. (End of Exaniple)
Note that Algorithm 3.2 does not always produces the optimal solution. 
Theorem 3.3 r ( M S O P , C F N ) 5 r(MSOP, E C F N ) .
Definition 3.4 Let r(MSOP, C F N ( n ) ) denote the number of products in a MSOP for CFN of an n-variable function. r(MSOP, C F ( n ) ) is dejined similarly.
Theorem 3.4 r ( M S O P , C F N ( n
) ) 5 2", r ( M S O P , C F ( n ) ) 5 2".
Experimental Results
We developed programs for Algorithms 3.1 and 3.2, and minimized SOPs for various benchmark functions. 
Conclusion and Comments
In this paper, we presented a new method to represent a multiple-output function: 4 n encoding characteristic function for non-zero outputs (ECFN). An ECFN uses only binary variables, and its SOP can be simplified by considering the encoding. We formulated the encoding problem, and presented a heuristic optimization method. We also showed an n-input 2n-output function that requires O ( n ) products in an MSOP for one encoding, and 0(2n) products for other encoding.
In this paper, we only considered the encoding for SOPs.
However, the more interesting problem is the encoding for BDDs, which is useful for logic simulator [ 121
